The average size and base composition of the covalently integrated RNA segment in supercoiled ColE, DNA synthesized in Escherichia coli in the presence of chloramphenicol (CM-ColE, DNA) have been determined by two independent methods. The two approaches yielded similar results, indicating that the RNA segment in CM-ColE, DNA contains GMP at the 5' end and comprises on the average 25 to 26 ribonucleotides with a base composition of 10-11 G, 3 A, 56 C, and 6-7 U.
Evidence has been obtained for a direct role of RNA in the initiation of replication of the DNA of the bacteriophages X (1), M13 (2-4), 4OX174 (5) , T4 (6, 7) , and T7 (8) , the Escherichia coli chromosome (9, 10) , the plasmids ColE1 (11, 12) , F1 (13) , and plasmid 15 (14) of E. coli, and a plasmid of Salmonella pullorum (15) . In the in vitro conversion of M13 and OX174 single-stranded phage DNA to the doublestranded RFII form, it has been demonstrated that RNA serves a primer role and is covalently joined to the newly synthesized DNA strand (3, 16) . A similar role for RNA in the initiation of synthesis of covalently closed, circular ColE DNA was proposed to explain the finding of a substantial level of RNA-containing supercoiled ColE1 DNA molecules in E. coli cells synthesizing this plasmid DNA in the presence of chloramphenicol (17) ,. The majority of molecules possess the RNA at a single site in one of the two complementary DNA strands; the RNA occurs with equal probability in either of the two complementary strands (17) . The generation of these alkali-and RNase-sensitive ColE1 molecules in the presence of chloramphenicol (CM-ColE, DNA) depends upon ColE1 DNA synthesis (17) and is prevented by rifampicin, an inhibitor of RNA polymerase (11, 12) . It was proposed that RNA serves normally as a primer for the initiation of ColE, DNA synthesis and that inhibition of protein synthesis by chloramphenicol interferes with the removal of the priming RNA, resulting in its adventitious covalent integration into supercoiled DNA (17) .
In this communication the average size and overall base composition of the RNA in the CM-ColE, DNA molecules is determined by analysis of the products of digestion of the RNA segment and by analysis of the products of the repair synthesis of the single-strand gap produced by RNase digestion of the CM-ColEi DNA.
MATERIALS AND METHODS
Bacterial Strain and Growth Medium. The E. coli K-12 strain JC411 Thy-(ColE,) used in these experiments has been described previously (18) . The low-phosphate medium (19) used to grow the bacteria contained 1.5 g of KCI, 5.0 g of NaCl, 1.0 g of NH4Cl, 12. Mug/ml, respectively) were added to the 200-,A1 reaction mixtures, followed by the addition of 400 Ml of cold ethanol. After storage at -18°overnight, the DNA precipitates were pelleted by centrifugation at 16,300 X g for 20 min in a Sorvall HB4 swinging-bucket rotor. Radioactivity in supernatants and precipitates was counted in 10 ml of Triton scintillation fluid [1 liter of toluene, 600 ml of Triton X-100, 168 ml of water, and 3.5 g of 2,5-diphenyloxazole (PPO) ].
Electrophoretic Separation of Products of Alkaline Digestion. Purified 32P-labeled CM-ColE1 DNA was redissolved after ethanol precipitation in 20 ,l of 0.3 N KOH and incubated in a sealed glass capillary tube for 18 hr at 37°. Samples of 32p_ labeled tRNA were similarly treated to monitor the complete hydrolysis of RNA to monoribonucleotides. Digests were fractionated by high voltage electrophoresis at pH 3.5 on DEAE-cellulose paper (Whatman DE81), as described by Sanger and Brownlee (23) .
Preparation of RNase-Gapped DNA. Purified 'H-labeled CM-ColE1 DNA was incubated for 60 min at 370 in a 500-Ml reaction mixture containing 30 M&g of ColE1 DNA, 30 Mig of RNase H, 33 mM Tris HCl (pH 7.5), 2 mM EDTA, 11 mM MgCl2, and 5% glycerol (v/v). The reaction was terminated by the addition of 12.5 mM EDTA. To the reaction mixture were added 400 ,g/ml of RNase A and incubated at 370 for 90 min, followed by the addition of more RNase A at a concentration of 600 Mg/ml and further incubation for 90 min. Treatment was terminated by incubation for 30 min at 37°w ith 2.5 mg/ml of Pronase and the reaction mixtures were run to equilibrium in ethidium bromide-cesium chloride buoyant density gradients to-separate RNase-resistant supercoils from RNase-nicked molecules.
Incorporation of Single 32P-labeled Deoxyribonucleotides into RNase-Gapped ColE1 DNA. Twenty-five-microliter reaction MM, and the other three unlabeled deoxyribonucleoside triphosphates at 10 MM each, 100 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 2% mercaptoethanol. Incubation was at 370 for 60 min, and the reaction was terminated by addition of 100
Ml of cold 0.1 M sodium pyrophosphate. Five microgram of T7 DNA was added to each reaction mixture as carrier and cold perchloric acid was added to a final concentration of 6%.
The mixtures were decanted onto 24-mm diameter glass fiber filters and the liquid was removed by vacuum aspira- Table 2 .
Identification of the Products of Alkaline Hydrolysis of CMColEi DNA. Purified CM-ColE1 DNA labeled with 82p was alkali-treated and fractionated by high voltage electrophoresis. The alkali-released radioactive material migrated as five discrete spots, which were identified as the four ribonucleotide 2'(3')-monophosphates and inorganic phosphate. The results of an experiment involving a CM-ColE1 DNA preparation in which 32% of the molecules were sensitive to nicking by alkali are shown in Table 2 . The total radioactivity released represented 0.25% of the RNA-containing CM- ColE1 DNA, but that in the four nucleotide spots comprised 0.21% of these molecules, equivalent to an average of 26 ribonucleotides per RNA-containing plasmid molecule. The proportions of the individual ribonucleotides are shown in Table 2 .
Incorporation of a-32P-Labeled Deoxyribonucleoside Monophosphates into RNase-Gapped CM-ColE1 DNA. Confirmation of the average ribonucleotide composition determined by electrophoretic methods was achieved by two procedures previously used to analyze the single-strand termini generated by the E. coli RI and RII restriction endonucleases (24, 26) . The ribonucleotides that confer RNase sensitivity on supercoiled CM-ColE1 molecules were first removed by digestion with RNase H plus RNase A. The gapped molecules were then used as a primer template for RSV polymerase and deoxyribonucleotides. Table 3 shows the results of the first procedure in which the incorporation of each radioactive nucleotide in the presence of the other three unlabeled nucleotides into RNasegapped DNA was determined. Essentially similar results were obtained with a second preparation of CM-ColE1 DNA. The results, indicating an average of 9.8 GMP, 3.1 AMP, 5.5 CMP, and 6.1 UMP per RNA-containing CM-ColEi DNA molecule, are similar to the results of the previous experiment ( Table 2) .
The second procedure involved the incorporation of all four a-32P-labeled deoxyribonucleoside triphosphates into RNase H-plus RNase A-gapped CM-ColE1 DNA by the RSV DNA polymerase, followed by hydrolysis of the DNA to nucleoside-5'-monophosphates by exhaustive digestion with pancreatic DNase I and venom phosphodiesterase I. The 5'-monophosphates were fractionated by electrophoresis and the radioactivity in each nucleotide determined. Table  4 shows the results obtained using two separate preparations of CM-ColE1 DNA. Both DNA preparations gave similar results, and in each case the total and composition of ribo- nucleotides determined by this procedure were similar to the results summarized in Tables 2 and 3 .
To test the efficiency of the RNase H and RNase A treatment in removing all ribonucleotides from the RNA-containing CM-ColEj DNA, and the effectiveness of the RSV DNA polymerase in catalyzing the incorporation of deoxyribonucleotides corresponding to all of the removed ribonucleotides, the DNA samples were treated with E. coli ligase after incorporation of labeled deoxyribonucleotides; Fig. 1 shows the profiles of alkaline sucrose gradient sedimentation velocity analyses of ligase-treated CM-ColEj DNA that was recovered from the reaction mixture prior to nuclease digestion. It is clear that ligase converted all the DNA from the open form, which sedimented as denatured singlestranded DNA in the gradient (Fig. la) , to the covalently closed form (Fig. lb) . Extensive incubation under alkaline conditions that are sufficient to nick a molecule containing a single ribonucleotide (27) failed to cause opening of any of the ligated molecules (Fig lc) , indicating a total absence of ribonucleotides. These data indicate that RSV DNA polymerase completely replaced nucleotides in the gap in CMColE1 DNA after prior removal of all ribonucleotides by the action of RNase H and RNase A.
Incorporation of Individual Labeled Nucleotides in the Absence of the Other Three Nucleotides. The first nucleotide(s) to be incorporated by RSV DNA polymerase into RNasegapped ColE1 DNA was determined by measurement of incorporation in a reaction mixture containing a single deoxyribonucleoside triphosphate. In the case of two different RNase-gapped preparations of CM-ColE1 DNA, only dGTP was incorporated to any significant extent, equivalent to three residues of dGMP per molecule of gapped CM-ColE1 DNA. The level of incorporation of the other three deoxyribonucleotides was essentially equivalent to background levels of radioactivity. These data indicate the presence of GMP at the 5'-terminus of the RNA segment in the CMColE1 DNA.
DISCUSSION
The covalent linkage of a small segment of RNA to DNA has been demonstrated in several systems in vivo in addition to the ColE1 plasmid, including the chromosomal DNA of E. coli (28, 29) and cultured mammalian cells (30, 31) , and the DNA of bacteriophages T4 (6, 7) and T7 (8) . Further-more, covalently closed circular molecules of mitochondrial DNA (27, 32) have been presumed to contain covalently integrated ribonucleotides from their sensitivity to nicking by alkali and RNase. Cogent support for attributing the role of primer to such small RNA pieces, at least in the case of certain of these DNA replication systems, comes from the ability of inhibitors of RNA synthesis to block the replication of the DNA molecules in vivo under conditions where protein synthesis is inhibited (2, (11) (12) (13) (14) (15) . Similarly, the proposal that the ribonucleotides present at a single site in CM-ColEj DNA molecules represent primer RNA (17) is supported by the reported inhibition of CM-ColE1 DNA synthesis by rifampicin (11, 12) .
Two independent estimates have been made of the average size of the RNA segment in CM-ColE1 DNA. A combination of RNase H and pancreatic RNase A converts the equivalent of about 0.2% of the total radioactivity in 32P-labeled CMColE1 containing ribonucleotides to products that are ethanolsoluble ( Table 1 ). Assuming that the specific activity of the 32P-labeled nucleotides in the RNA and DNA moieties of the ColE, molecule are equal, this represents about 25 nucleotides out of the total 12,700 in the molecule. Similar results were obtained with alkali treatment.
Measurement of levels of RSV DNA polymerase-directed incorporation of each individual a-32P-labeled nucleoside triphosphate in the presence of the other three unlabled triphosphates into RNase-gapped molecules enabled estimates to be made of the number of moles of each nucleotide incorporated per mole of DNA (Table 3 ). All four nucleotides were incorporated, and the total number and composition of nucleotides obtained by this procedure agreed well with the results of electrophoretic analysis of the released ribonucleotides of uniformly 32P-labeled CM-ColE1 DNA and CMColE1 DNA molecules that were labeled with all four deoxyribonuclkotides after removal of the RNA segment. The agreement is particularly significant in view of the utilization of different preparations of CM-ColE1 DNA for each approach. Data from these three different approaches indicate that the average base composition of the 25-26 nucleotide segment of integrated RNA is 10-11 G, 3 A, 5-6 C, and 6-7 U. RSV DNA polymerase clearly incorporates deoxyribonucleotides sufficient to fill completely, but not in excess of, the gap generated by RNase treatment in the CM-ColE1 molecules, since ligase is able to seal the product.
Grossman et al. (27) determined that alkali sensitivity of supercoiled mitochondrial DNA is due to approximately 10 ribonucleotides per molecule distributed at several sites in both strands of the DNA. The RNA attached to nascent DNA fragments in E. coli has been estimated, on the basis of density shifts in CSS04 equilibrium gradients, to be 50-100 nucleotides in length (29) . While the average number of 25-26 ribonucleotides characterized in this study is derived from one strand of any particular DNA molecule, the population of CM-ColE1 DNA molecules contains ribonucleotides in either DNA strand with equal probability (17) . It is not known whether the same number or composition of ribonucleotides is present in each strand, but clearly the data indicate that the RNA segments from the two strands are not completely complementary over the entire length of the RNA segment. There is no evidence of course to rule out the possibility that much larger primer molecules initiate DNA synthesis, but that in conditions of chloramphenicol inhibited protein synthesis only an average of 25 bases remains in the supercoiled molecules. The finding of only GMP at the 5'-terminus of the RNA segment in CM-ColEj DNA is of interest in that GMP has also been identified at the 5'-terminus of the RNA linked to nascent DNA fragments purified from exponentially growing E. coli cells (29) .
